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cavlater configurstions at depths of 450 amd/or 650 FSW. When compared to

stondard MX 11 cunistsy purrormance, {he central heated core configuration
lvdth Xocgel valves (FC 979A) demonstrated markedly longer canister Jduration

At 45C FSW, but oily clight improvemsnt at 650 FSW. However, work of
breathing and inspirad gas temperatures were greatly improved at both depths.

The triple pass canister configuration demonstrated improved duration but
iunacceptably high breathing resistance.

Cther life support characteristics such as thermal protection, iv=pired
gus temperature, and Pd; wvere adeguate to depthes of 650 PFSW. e lecge
scattex in canister broakthr:ough data coupled with limited 1z size
made it difficult to establish high~-confidence operational 1’ iks for the
Mark 11 UBA in any of the tested configurations, although siguificant overall
advantages wevc deacustrated for the central heated core canister
configuration (FC $79A).
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ABSTRACT

During & #eries of three saturation dives performed at the U.S. Navy

Experimental Diving Unit, experiments were undertaken to compare the CO2

scrnbbing characteristics of two new Mark 11 CO, absorbent canisters with

the standard canister configuration, and to investigate the ability o? each

i
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system to support sustrziued, heavy work in cold water to depths of 650 FsW.

Canister duration studies were performed cn the three CO2 absorbent

canister configuratione at depths of 450 and/or 650 FSW. When compared to

standard MK 11 canister performance, the central heated core configuration

with Koegel valves (FC 979A) demonstrated markedly longer canister duration

It e |

at 450 FSW, but only slight improvement at 650 FSW. However. work of

R R I PO

breathing and inspized gas temperatures vere greatly improvad at both depths.

The triple pass canister configuration demonstrated improved duration but :

i unacceptably high breathing resistance.

Other life support characteristica such as thermal nrotection, inapired

% gas temperature, and Poz were adequate to depths of 650 FSW. The large
scatter in canister breakthrough data coupled with limited sample size

E. made it difficult to establish high-confidence operational limits for the
Mark 11 UBA in any of the te .. configurations, althoyugh significant overall
advantsges were demonatrated for the central heated core canister

configuration (FC 9794A). »--.?
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INTRODUCTION

The Ma~k 11 semi-closed mixed gas UBA and associated equipment wzs
originally Jesigned to provide complete 1ife support and thermal protectiom
for saturation divers to operate for up to four hours in 28°F (-2.2°C) water
to depths of 850 PSV. The Mark 11 diver is tethered to a diver support
facility by an umbilical which supplies breathing gas, hot water, and
electrical connections. Hot water is routed through a breathing subsystea
(Figure 1) where it warms s canister containing a carbon dioxide asbsorbent

bed, and then to a thermal protection garment, the Mark 16 or NRV hot water suits.

During nc wal semi-closed circuit operation, breathing gas from the
umbilical passes through an absolute pressure regulator block into an inhala-
tion bag, and then through a hose connection to an oronasal face mask.

Exhaled gas passes from the oronassl mask via e& hose to an exhalation bag.
From the exhalation bag, most of the exhaled gas flows chrough the CQ, :2moval
canister to the inhalation bag where it is wmixed with iacoming gas Crom

the umhilical, and subsequently rebreathed. A portion of the exhaled gas

does not pass through the canister but is exhausted to the water through an

attitude sensitive exhaust valve (cardioid valve).

Diver safety features include two-way communication equipment, a Poz
sensor, and switchover indication equipment. If umbilical gse supply
pressure drops to a low level, the absolute pressure regulator admits
breathing gas from a small emergency supply in the back-pack. If the
breathing bags or canister flood, the diver can switch to open circuit demand
with umbilical, or for a short time, emergency gas supply. Therefore, a
normal cperating mode and three back-up modes are available to the diver

(Figure 2).
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A nuaber of paramsters effect the ability of a diver ro perform
sustained work at depth while diving with this type of UBA. One of the moat
important of these parameters is the Pcoz in the inepired gas. The Pboz
is dependent upon gas flow rates, CO2 absorbent efficiency, and the rate
of co, production by the exercising diver. A previous evaluation of the
Mark 11 UBA in four feet of warer demonstrated that the CO, shsorbent
canister appeared to absorb CO2 efficiently for up to seven hours during
prolonged moderate work in cold water (1). However, gas flow rates through
the UBA during this study were so high (up to 16.4 actual lpm) that much
of the CO, produced by the exercising diver bypassed the canister, and was

exhausted through the cardioid valve.

Subsequent manned Mark 11 UBA studies at depths between 310 and 450 ¥SW
demonstrated inadequate carbon dioxide scrubbing characteristics in 35°F water
(2). 1In order to improve the life support capabilities of the Mark 11, two new
canister prototypes which had 3hown promise in unmanned testing were choeen
to undergo manned evaluations to depths of 650 FPSW along with the standard
canister during a series of three saturation dives at the Navy Experimental

Diving Unit.

METHODS

Three saturation dives with depth duration profiles of 1000 FSW for
29 days, 650 FSW for 23 days, and 18G0 F3W for 37 days, were performed in
the Ocean Simulation Facility of the Navy Experimental Niving Unit. Each
dive involved six male divers in good physical condition, who were
conditioned for 6 to 8 weeks prior to the dives by running up to 7 ka per
day, and pedaling up to 200 watts fcr 10 minutes daily on a pedal ergometer.

One of the divers participated in two of the dives.
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Th¢ experimonts wera divided into twn phases; the first phase consisted
of canister duration studies, and the second phate consisted of graded

exercise studien, Each of tha three canister configurations as show in

Figure 3 was tested at 630 ¥SW. The central heated core caniater configura- 1
tion was also tested at 45U PSW. This configuration included replacemsnt of
the Mark 11 mack mushroom valves with low resistance Kcegel valves, and was

’ designated Field Change 979A. The standard canister had bheen tested previously i

at 450 FSW (2).

Breathing yas mixture was 88/12 helium—oxygen at 450 FSW, and 95/5
helium-cxygen at 650 FUW. Rig flow rates were adjustad fcr an sverage (iver
oxygen consumption (602) of 2.0 lpx with a maximum P°2 of 1.6 ATA, and a ;
minimum ?02 of 0.4 ATA. A number 13 orifice was used to provide minimux gas

loss through the cardioid valve. Caniste: v re packed with 3.0 to 3.3 kg

Sttt aea ar ol S 2

of digh Performance Sodasorb (W. 2. Grace Co.) just prior to eacl canister

duration siudy.

Gas sauples [rom the canister outlet, canister inlet, an. oronasal mask i

were monitored for P02 and Pcoz with a mass spectrometer. A small diameter ‘
gas sample line (i.d. 0.66 mm)., as designed by Thalmann et al (3), resulted ;
in 1little gas sample mixing and good frequency response, thereby alicwing !
interpretation of end tidal Pco2 values. In addition, diver heart rate, ;
inspired gas temperature, and rectdl temperature were monitored, and oronasal

!
differential pressure was m:asured with a modified Validyne pressure trans- %

ducer. These parameters were recorded o1 a Gouid eight channel strip chart
L
recorder.
3
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Dive subiects exercised cn a special undorwater pedal ergomster (3)
-ountfd on a vertical frame placed spproxiwately ten fest underwater. Emsrcise
schedules for canistsr duration and greded exsrciss studiea wvere as outlined
in Table 1. All mesasurcments were made during the final minute of sach
exercise period, after steady state had been reached. Ii i3 procbable that thu
actucl work performed to overcoms the cumbined reeistance of the watar, thermsl
garment, and ergometer was an wmuch as 1.5 times the indicated load, as immersion
ha3 been cstimated tc incresase the work of cycling by 25 to 50 watts depending

upon the garment worn (4,5).

During graded exercise, the diver continued to exercire until he had
completed the final work load or until be became fatigued. Work cycles
less than 4 minutes in duraticn were not included in tha data. Canister
duration stnudies were terminated when canister effluent CO2 reached 12X
surface equivalent value (SEV). Canister breakthrough waa defined as that

point in time when canister effluent COZ reached 0.5 SEV.

All dive subjecis wore the Mark 1l Hod U USA wiih an uwbilical lenagih
of 300 feet. Wet pot temperature was maintained within 2°F of 35°F (1.7°C).
In order to duplicate situations of cold breathing gas, a special gas chiller
et the umbilical source designed to cocl inspired gas to near ambient
tempe ture was used in all studies. Diver thermal protection wsas pruvided
by an NRV hot water suit or a Mark 16 hot water suit with flow and temperature

adjusted at 2.5 gallons per minute and not greater than 110°F (43.3°C)

at the diver.

RESULTS

Figure & is a graphic depiction of typical canister breakthrough curves

for the thiree tested canister configurations at a depth of 650 FSW. A typlcal
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curve for the central heatad core configuration at 430 FSW is also shown in
Pigure 4. All of the curves are similar in shape, and differ only at the poin:

in time at which peak canister effluent 002 levals vith exercise begin to rise.

Table 2 tabulates the complete set of manned canister luration resultes
for all canister configurations at both test dapths. The modified canister
with a central heated core had a mean duration of 308 pa 42 minutes at
450 ¥SW and 35°F (1.7°C) water temperature for six divers. Thie wao
significantly better than the standard canister, previocusly found to have a
mean duration of 165 ¥ 23 minutes under the same teat cunditioms. However,
at 650 FSW and 35°F (1.7°C) water temperature, the central heated core
configuration had a mean duration of 160 b 62 minutes, which was only slightly
higher than the staudard canister configuration duration of 128 pa 36 minutes
at 650 FSW. The tripile pass canister at 650 FSW and 35°F (1.7°C) had the
longest duration (271 pa 65 minutes), but the breathing resistance as measured

by the oronasal differential pressure was excessively high and tended to

Figure 6 graphs mean canister duration versus depth for ail canister
configurations at 35°F (1.7°C). The triple pass canistar was only tested at
650 FSW, and the data for the standard canister at depths shallower than
450 FSW is from a previous study (2). This graph, as well as Table 2,
emphasizes the great variability in canister duration between individual divers
at the same depths, and it shows the significant decrement in mean canister
duration with increasing depth for the standard and central heested core canisters.
Unmarned canister data indicates an additional 15-20%7 decremeat in canistar

duration from 35°F to 30°F (~1.1°C) at the asame test depths (§).
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Table 3 is a2 summary of the graded sexercise studies from all three dives.

Peak end tidal PC values (P ), oronasal diffarential pressures, inspired

0, ET¢o,

gas _emperatures, and heart rates ave tabulated for all -anister configurations

and work rates at both test depths.

Peak PET » a8 illustratad by Figure 7, increased significantly at
Coq
low work rates from rest levela and then tended to level off at higher work

rates at 650 FSW. Peak P was significantly higher for the triple pass

ETco,

canister than for the other two configurations at a given work rate. High
minute ventilation did not result in elevated inspirsd Yboz secondary to
inadequate gas residence time in the canister, as inspired Pcoz did not exceed
0.4% SEV during graded euxerrise at either depth ur for any caniater

configuration.

Figure 8 graphs oronasal differential pressure versus work rate for
each canister at 650 FSW. Oronasal differential pressure increased with
increasing work rate, and was 20 high in the triple pass canister that most
divers could not complete the 150 watt work cycle, The oronasal AP for
the central heated core canister was significantly less than for eithsr.
of the other canisters at 650 FSw. However, direct comparison of breathing
resistance between the central heated core canister and the otlier two canister
configurations was not possible tecause FC 979A inclucded both the low resistance
Koegel valves and the central h.ated core. These two wodifications were not
man-tested independently. It should be noted, however, that only uslag

this configuration were divers able to complete the 150 watt work cycles.

Mean resting inspirod gas temperatures were 8 to 22°F above ambient
water temperature, and increased by up to an additional 9°F during maximum
work rates, with the central heated core canister providing the highesat inspired

gas temperatures, However, divers frequently corplained of increased upper
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respiratory secretions, regardless of the canister type, snd rhey attributed
the symptoms to the cold breathing gas. Heat loss from tho respl’ tory tract
was probably substantial, but not sufficient to decrssse rectal teaporatos-

during moderate lag exercises.

Inspired Poz variod between 1.2 and 0.4 ATA Curing graded axorcise. Yoo

higher sz occured during rest and gradually decrsasad to the lower valua as

work rate waz incressed from 50 to 150 watts.

DISCUSSION

The physiology 0f srea'v state exercise in diving is complicated by
the effects of increased gets density and hyperoxia (7). Both of thesas
conditions are associated with decreased ventilatory response to axsicise
and 002 retention at depth ir Jivers sven when they are not subject to
incrzased external breathing resistance. Increased gas density increases

external breathing resistauce in say UBA, which tends to further depress

1t the ability of the diver to increase ventilation with ar increase in

metabolic 002 production is impaired, arterial and tissue P,oz rise. This

can invoke 2 aumber c¢f undesirable physiological responses including increased

susceptibllity to decompression sickness. oxygen toxicity, inert ges narcosis,

reduced exercise capability, and depresaion of central nervrus systea function (8).

This problea of rising PCOZ is dewmonstrable during graded exorcise

studies when PET risas o as much as 7.7X SEV at the 100 watt work load
C02
for the triple pass canister at 650 FSW (Figure 8). PET is felt
co
2

to approximite arterial PCOZ' although the PBTCOzup‘co gradient in divers
2
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atill requii-y investigation. Divers ere capable of working with elevated !hoz
lavels, but the dyspner associated with a given work lced ias genarally grester

than at normal P., levels, and end tidal P levels of groater chan 71 SEV
COZ co,

are highly undesirable

In view of these physiological consideraticns, elevated inspired PJOZ
is hazardous 1.0 the diver. Arterial PCOZ begine to Triae in subjecte performdag
light work in air at 1 ATA when inspired PCO2 reaches 2.8% SEV (8). This
data and the alape of the canister breakthrough curves (Figare 3) support
the 0.5% SEV 002 canister breakthrough criterion, as canister effluent Cly
levels rise at & markedly increased rate once this value i3 reached, and
inspired PCOZ could exceed 2.8% SEV within a few minutes. The graded
exercise studies did nct demmstrate high inapired PCOZ at high work rates
in any csnister configuration, provided the CO2 absorbent bed remained active.
A high inspired PCO2 during lieavy exércise would have indicated inadequate gas

residence time in che canister at high respiratory minute ventilation.

The Mark 11 caniater life expectancy in all tested configurations is
bighly variable from diver to diver and decreases substantially with depth

and cold. A significant improvement in canister duration offered Ly the

central heated core canister configuration over the standard canister at

450 FSW 18 offset almost completely at 650 FSW. This say represent thermal

failure of the scrubbing reaction due to the increased heat capacity of the

dense helium at the deeper depth, as breathing gas temperatures are sbout the

same for this cenister configuration at both depths. Longer canister duration

at 650 FSW is obtainable by using a three pass canister, however the breathing

resistance is unacceptably high and tends to increase as the c02 absorbent

is consumed.
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Inspired gas temperaturas in all tested configursations seet the minimm

standards currently required by the U.S. Ravy Diving Manual; however tk: csntral
heated core canister provides signifi-antly higher breathing gas temperatures

than the cother canisters. Respirutory heat loss ie substantial but not

TG S TG T s et e T

) sufficient to lower rectsl temparaturas in exsrcising diverm at thesa test

i depths. Upper respiratory tract symptoms ncted in some cases wmay not be
sclely attributable to coid inspired gas, as low inspired relative humidity

may also contribute to these symptoms. :

Overall improveaent of the life support capability of the Mark 11 UBA
is greatest when the central heated core canister and Koegel valves (FC 979A)

are employed. In spite of marginal CO, scrubbing charscteristics at 650 FS¥,

i

this canister offera a signifizant improvement in CO2 scrubbing to depths of

-

450 PSW, as well as a varying CO, scrubbing advantage between 420 and 650 FSW

k.

e

if a linear incerpolation is used. More importantly, FC 979A significantly
lowers the breathing resistance of the Mark 11 aystem, and raises the
breathing gas temperature to levels which enhance diver comfort and safacy.
1 However, because of the larger scatter in caniaster breskthrough data and
limited sample size, it remains difficult to establish high confidence

operational limits for the Mark 11 UBA, particularly ac depths between

o A Lt 0 0L e B X €t S T + 1 42 A0

450 and 650 FSW.

ANt R ] e i AT ARRL S ik " 1 e ek e e

T N TR

D e c o mp e — e —




P

REFERENCES

1. 0'Bryan, R.K., et al. Evaluation of the Mark 11 Hod O UBA in Cold

Water, U.S. Ravy Experimental Diving Unit Report 10-78, Kay 1978.

(- 2. Plantadosi, C.A. and W. B. Spaur. Life Support Cherscteriastics of
; the Mark 1) Semi-Closed Mixed Gawx Undarwatev Breathing Apparstus
‘ at Intermediate Depths, U.S. Navy Experimental Diving Unit Report 18-78.

T

5. Thalmani, E.D., et al. Chasber Based System for Physiclogical lionitoring
of Submerged Exercising Subjects, Undersea Biowmedical Rasearch %:293-300, "

September 1978,
4

TRETETNE

4. Thalmann, E. D., D. K. Sponholtz, and C.E.G. Lundgren. Effects of
Immersion and Static Lung Loading on Submerged Exercise at Depth,

Undersea Bio. Res. 6(3):259-290, 1979.

i

5. Plantadosi, C. A., R. L. Clinton, and E. D. Thalmann. Prolonged Oxygen
Exposures iu: Immersed Exercising Divers at 25 FSW, Undersea Bic. :
Res. 6(4):347-356, 1979.

L

(SR NN

6. Middleton, J. R. Evaluation of the Mark 11 Semi-Closed Circuit UBA.
U.S. Navy Experimental Diving Unit Report 3-80, March 1980C.

7. Fagraeus, L., et al. Cardiorespiratory Responses to Graded Exercise
at Increased Ambient Air Presaure, Acta Physiol. Scand. 91:259-274, 1974.

Schaefer, K. E. Carbon Dioxide Effecta Under Conditions of Raised
Environmental Pressure. IN: The Physiology and Medicine of Diving
and Compressed Air Work, (P. B. Bennett and D. H. Elliott, ed.),
Wiiliams & Wilkins, Baltimore, MD, pp 185-206, 1975.

01t e P i P S A 3 mit 1

9. Sinclair, K,D., et al. Comparison of Physiological Responses of Normal
Man to Exercis2 in Air in Acute and Chronic Hypercapnia, Proceedings
of The Fourth Symposium on Underwater Physiology, Academic Press,

New York pp &£09-417, 1971.

T T T R e e R MM AP VG =
@
.

b UL P SRR PR

10 P

k‘ [ s, ——] v+ oirme
W T R ’ TR e e ;. s
uediilvi MLMAAWMAMW.‘M...;@.,cmhm... L . oLdzaf e Rint A SO s ;m’,v,..;A\.A.A,,J_..;‘.‘._.;m..mﬁ).;._‘uﬂﬂd{d&%h»mm’&mhdﬁmmm
A; A 21




i Ll S A L R e L e
¥ H

FIGURES AND TAJLES

N TABLE 1. Exercirze Schedules Tor Canister Duration and Graded Exercise Studies
_ %l TABLE 2. Tabulation of Manned Kark 1l Canister Duration Studies
E g . TABLE 3. Tabulation of Mark 11 Graded Exercise Hith Different Csnister Coufiguratiomnas

s

* FPIGURE 1. Mark 11 Breathing Subsystemn

PIGURE 2. Gas Flow Diagram In Each Opecvatirg Mode '

s

FIGURE 3. Mark 11 Canister Configurations Tested During Manned Evaluatioao

S

Typical Caniszter Breakthrough Curves For Different Mark 11 Carister
Configurations

FIGURE 4.

FIGURE 5. Canister Effluent CO; And Oronassl A" Ve Time Tor Triple Paea
MK 11 Cenister and Diver 1 at 650 FSW

FIGURE 6. Mean Canister Duvation Versus Depth J

B Sy

FIGURE 7. Peak End Tidal 002 Versus Worl: Rate at 650 FSW :
i
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FIGURE 8. Oronasal AP Versus Work Rate at 650 ¥SW
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